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Zilong Jiao, Naiyuan Cui and Lu Wang

Beijing Institute of Spacecraft Environment Engineering, Beijing, China

Polyimides are polymeric materials that are widely used in spacecraft
applications owing to their unique properties. However, exposure to a low-
Earth-orbit environment containing atomic oxygen (AO) results in the
disintegration of polymeric materials on the surface of spacecraft, thereby
affecting the lifespan. Along with the development of theoretical research,
the reactive force-field (ReaxFF) interatomic potential has become a robust
computational method for exploring, developing and optimizing the material
properties. This study employs the ReaxFF reactive-force-field molecular
dynamics simulation (ReaxFF MD) program to investigate and compare the
performance of two typical polyimide materials, Kapton and Upilex-S, under the
impact of AO. Various aspects such as variations in the temperature, mass loss,
decomposition products, and damage propagation depth were examined.
Although these materials have similar elemental composition (C/H/O/N),
they have different structures. Our results indicate that AO is initially
adsorbed on the surfaces of both Kapton and Upilex-S. The continuous
impact of AO leads to chemical reactions between AO and Kapton/Upilex-
S. Erosion proceeds from the surface toward the interior of the materials. Similar
to the findings of Experiment 2 conducted by the Materials International Space
Station, our results also reveal that Upilex-S exhibits a lower mass loss and
erosion yield than Kapton under the same AO conditions. This difference is
primarily attributed to the distinct molecular structures of both Kapton and
Upilex-S. Our study could provide valuable technical support for the extensive
application of Upilex-S in spacecraft.
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Introduction

The disintegration of surface materials on spacecraft during orbital flights remains a
significant concern. Particularly, in low-Earth orbit, high-speed collisions of abundant
atomic oxygen (AO) in this region with the spacecraft can severely disintegrate the
surface materials, thus decreasing the performance, reliability, safety, and ultimately
reducing the in-orbit lifespan of the spacecraft (Banks et al., 2004). In low-Earth orbit,
the average relative kinetic energy of high-flux AO impacting the spacecraft surface ranges
from 4.5 to 5.0 eV. In addition, AO exhibits strong oxidizing properties and is highly
corrosive to spacecraft surface materials, particularly polymeric materials (Samwel, 2014;
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Zhang et al,, 2012; Jiao et al., 2022; Duo et al., 2011). Polyimides, a
class of polymers with high overall performance, have excellent
mechanical properties, insulating ability, ultraviolet stability, and
thermal stability and are lightweight. Therefore, they are widely
utilized in the surfaces, thermal control systems, and structures of
spacecraft. However, they are highly susceptible to erosion by AO
(Banks et al., 1985; Zhao et al., 2010). Both space-borne (Sechkar
et al, 2001; Gorreta et al, 2016) and ground-based AO
experiments (Miller et al., 2008; Stambler et al., 2009; Aghaei
et al., 2017) have been extensively carried out by researchers
globally in an effort to protect polyimide materials from
disintegration by AO and to enhance the in-orbit lifespan of
spacecraft. However, space-borne experiments are costly to
launch and have long testing cycles, whereas ground-based
AO experiments cannot achieve ideal test conditions owing to
the limitations of the experimental equipment, thus affecting the
accuracy of the results. Additionally, neither space-borne nor
ground-based experiments allow for the observation of the
dynamic interaction between AO and materials.

However, with improvements in computational performance
and the development of theoretical research, Molecular dynamics
(MD) emerges as a powerful tool enabling simulations of diverse
materials properties at the atomic scale. Therefore, MD has
become an important tool as a complement to experimental
studies. Among the many force-fields employed in MD
simulations, the reactive force-field (ReaxFF) method developed
by van Duin et al. is capable of performing dynamic simulations of
bond breakage and formation during chemical reactions in
materials (van Duin et al., 2001; Senftle et al., 2016; Nayir et al,,
2023). This is a novel and effective approach for simulating the
impact of AO on polymeric materials. Moreover, the ReaxFF force-
field method enables real-time, dynamic simulations of the
interaction between AO and polymeric materials, rather than
mere observation of the surface of the studied materials at the
macroscopic level after AO impact.

ReaxFF is trained against quantum mechanics principles but
maintains computational efficiency similar to classical force
fields,
extended time frames (van Duin et al.,, 2001; Senftle et al.,
2016; Nayir et al., 2023). It has been successfully applied to
the research of material pyrolysis, heterogeneous catalysis,

enabling simulations of large-scale systems over

atomic layer deposition and carbonization process, etc. But
the latest RaexFF application report on C/H/O/N- based
polymeric systems which is composed with the same elements
of the two polyimide materials studied in this work, is mainly
focusing on the carbonization process, such as Kowalik et al.
(2019). that basing on the Density Functional Theory (DFT)
data——in which, a improved ReaxFF force field is developed
containing elements of C/H/O/N (ReaxFF parameters - CHON-
2019). Using the improved ReaxFF parameters set, simulations
of primary stage of carbonization process for the three polymers
of idealized ladder PAN (polyacrylonitrile), a proposed oxidized
PAN and PBO(poly(p-phenylene-2,6-benzobisoxazole)) are
conducted in the atomic scale, revealing that presence of the
amide groups for PAN is important for effective N, production,
the main products of oxidized PAN are N,, H,, H,O, and the
main products of PBO are hydrogen, water and carbon
monoxide; besides, it was deemed that PBO polymers would
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become a promising alternative precursor for carbon fiber
productions. Whereas, Zhang et al. (2023) used ReaxFF
CHON-2019 parameter set developed by Kowalik exploring
the stress graphitization mechanisms of a Carbon nanotube/
PAN-based carbon matrix composite, revealing that when the
CNT content is higher in the system, the nitrile groups in the
PAN matrix are arranged along the CNTs, which subsequently
results in preferential dehydrogenation and clustering of carbon
rings at 1500K and eventually graphitization of the PAN matrix.
Mao et al. (2020). used ReaxFF MD gaining the understanding of
functionalities of the oxygen-containing and nitrogen-
containing groups in pure and PAN/PBO blend Carbon Fiber
precursors, revealing that O-containing groups are more
efficient for triggering the carbonization reactions, whereas
N-containing groups are far longer retained in the graphitic
materials and play a key role in capturing and converting carbon
radical species into the graphitic networks. Rajabpour et al.
(2021) used ReaxFF MD to study the mechanical properties
enhanced atomistic mechanism of graphene included PAN/
graphene carbon fibers, which reveals that the graphene edges
have a catalytic role and act as seeds for the expedited alignment
of all-carbon rings. Mao et al. (2022) used ReaxFF MD
of ReaxFF MD
performed on the carbonization process for ten single and
PAN-based blend polymers—it was found that PAN/CL
remarkably increases the carbon yield with considerable all-

developing a series simulations were

carbon ring structure formation, which could be validated by
Raman and TEM test. The above-mentioned reports of ReaxFF
application on C/H/O/N-based polymeric systems not only
demonstrated the power of ReaxFF technology, but also
proved the advanced reliability of ReaxFF through the
simulation incorporating with test verification.

There are also many reports, just like this paper, that have used
ReaxFF MD to investigate the impact of AO on polymeric materials
in spacecraft, and similarly, they have obtained reliable results. For
instance, Rahnamoun and van Duin. (2014) conducted pioneering
research using ReaxFF MD to study the effects of AO impact on
POSS, Teflon,
phenomena such as the mass loss and temperature variation, as

Kapton, and amorphous silica, considering
well as the disintegration products and erosion yield. Among the
tested materials, Kapton exhibited the most significant mass loss
owing to AO impact, whereas amorphous silica exhibited high
stability, These results aligned well with the corresponding
experimental findings. Using the ReaxFF MD method, Zeng et al.
(2015) investigated the effects of AO impact on PVDF, FP-POSS and
the composite of FP-POSS and PVDF. The results demonstrated
that the PVDE/FP-POSS composite exhibited higher stability under
AO impact than the other evaluated materials. Rahmani et al. (2017)
applied ReaxFF MD to investigate the performance of three Kapton-
based materials mixed with POSS, graphene, and carbon nanotubes,
respectively, under the impact of AO. A significant improvement in
the AO resistance was observed for all three modified Kapton
materials. Recently, Fu et al. (2021) applied the ReaxFF method
to investigate the impact of AO on polyethylene terephthalate (PET).
The simulated AO erosion yield of PET is comparable with the data
obtained from Materials International Space Station Experiment 2
(MISSE 2) (De Groh et al., 2008). The aforementioned studies
collectively demonstrate the significant application potential of
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the ReaxFF MD reactive simulation method for investigating the
effects of AO on polymeric materials used in aerospace applications.

In this study, we investigated the effects of AO impact on both
Kapton and Upilex-S using the ReaxFF MD. Kapton and Upilex-S
are typical polyimide materials with excellent properties overall.
Aside from their different molecular chain structures, both materials
are primarily composed of H, C, O, and N atoms. Additionally, their
monomers contain identical numbers of H, C, and N atoms,
differing only in the number of oxygen atoms, where Upilex-S
contains one less oxygen atom than Kapton. The data obtained
from MISSE-2 (De Groh et al., 2008) showed that Upilex-S exhibited
a lower AO erosion yield than Kapton. However, Kapton is more
commonly used in the aerospace field. Therefore, This raises our
strong interest in using ReaxFF MD to study the impact of AO on
both materials. We first established models for Kapton and Upilex-S
and subsequently used ReaxFF to simulate the effects of AO impact.
We then compared and analyzed the erosion behavior of Kapton
and Upilex-S under AO impact, focusing primarily on phenomena
such as temperature variation and mass loss, as well as the reaction
products and damage propagation depth (DPD). This study aims to
provide technical insights into the broad-scale application of Upilex-
S in the aerospace field.

Simulation methodology
ReaxFF force-field

Conventional polymer force-fields, such as COMPASS, CVFF,
CHARMM, and AMBER, are inadequate for simulating the
breakage and formation of bonds. Hence, they are unsuitable for
examining the impact of AO on polyimide materials. In this study,
we employed the ReaxFF force-fields proposed by van Duin et al.
Compared to conventional force-fields, ReaxFF determines the
connectivity between atoms by calculating the bond order based
on the interatomic distances. As chemical bonds break and form, the
connectivity between atoms is continuously altered, allowing the
simulation of bond breakage and formation throughout the process.
Similar to empirical non-reactive force-fields, ReaxFF divides the
total energy of the system into different energy contributions. The
total energy is expressed by the following equation (van Duin et al.,
2001):

Esystem = Ebond + Etriple + ECZ + Eval + Epen + Etors + Elp + Ecoa + Econj

+ Eover + Eunder + EH—bond + EvdW + ECoulomb

Where, Egygem is the total system energy, Eyongq is the bond energy
term, Ey;p is the triple bond energy correction term, Ec, is the triple
bond energy penalty term, E, is the valence angle energy term, E,.,,
is the bond angle energy penalty term, E, is the torsion angle
energy term, Ej, is the lone pair energy term, E,, is the three-body
conjugate effect energy term, E.,p; is the four-body conjugate effect
energy term, Ey, is the over alignment energy correction term,
Eunder i the under alignment energy correction term, Eyj_pong is the
non-bonding hydrogen bonding interaction term, E.qw is the van
der Waals energy, E ouomp is the Coulomb energy.

In this equation, all the connectivity-dependent parameters,
such as angle and torsion, are related to the bond orders, which
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are calculated based on the interatomic distances and updated at
each iteration. Compared to non-reactive force-fields, ReaxFF
calculates non-bonding interactions between each pair of
atoms, regardless of their connectivity. The coulomb and van
der Waals energy terms incorporate shielding terms to eliminate
excessive non-bonding interactions (van Duin et al., 2001;
Rahnamoun and van Duin., 2014). More detailed information
regarding the ReaxFF is provided in the article by van Duin et al.
(2001).

In the present study, the ReaxFF force-field parameters set
(CHONSI-2014) proposed by Rahnamoun and van Duin. (2014),
including H, N, C, and O elements, were used to simulate the AO
impacts on Kapton and Upilex-S. This ReaxFF parameter set has
been applied to successfully simulate AO effects on various
materials, including polyimide, yielding reliable
research outcomes (Rahnamoun and van Duin., 2014; Zeng et al.,
2015; Kim and Choi, 2021).

polymeric

Simulation models

Simulation models for Kapton and Upilex-S were established
prior to the AO impact simulations. The process of constructing the
AO erosion models for Kapton and Upilex-S is illustrated in Figures
1, 2. Specifically, we first created monomeric structures for Kapton
(C5,H1,05N,) and Upilex-S (C,,H;,04N,). Thereafter, 50 Kapton
monomers with a total of 2050 atoms and 50 Upilex-S monomers
with a total of 2000 atoms were separately placed in cubic boxes to
form amorphous models with an initial density of 0.1 g/cm®. The
systems were then subjected to a 2 ns NPT (constant atomic number,
N; constant pressure, P; constant temperature, T) simulation at
atmospheric pressure and room temperature (300 K). The pressure
and temperature were controlled using a Berendsen barostat and a
Nosé-Hoover thermostat (Evans and Hoian, 1985), respectively.
Using the NPT simulation, the volume of the cubic boxes was
gradually reduced to stabilize the densities of the Kapton and
Upilex-S models at approximately 1.389 and 1.333 g/cm’,
respectively, as shown in Figure 3 (close to the actual material
densities). The final dimensions of the Kapton and Upilex-S models
were 28.5 A x 285 A x 38.8A and 28.1 A x 28.1 A x 3824,
respectively. Table 1 provides detailed information regarding the
two models.

Simulation details

After constructing the initial models of Kapton and Upilex-S§,
MD simulations of AO impact on Kapton and Upilex-S were
performed separately using the LAMMPS software. The main
process consists of three steps. First, to allow for the insertion of
AQO, the dimensions of the models in the z-direction were
expanded to increase the vacuum region of the surface.
Periodic boundary conditions were set in the x- and
y-directions of the simulation box, whereas the z-direction
was set as a fixed boundary condition. Second, the system was
subjected to energy minimization using the conjugate gradient
method (Stich et al, 1989), and run for 30 ps under NVT
(constant atomic number, N; constant volume, V; constant
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seelviv)]

Kapton

FIGURE 1

Kapton modeling process (the white atoms represent H, the gray atoms represent C, the red atoms represent O, the blue atoms represent N, and the

green atom represent AO).

oredroy

Upliex-$

FIGURE 2

Upilex-S modeling process (the white atoms represent H, the gray atoms represent C, the red represent O, the blue atoms represent N, and the

green atom represent AO).

temperature, T) conditions at 300 K until a dynamically stable
structure with a temperature equilibrium of approximately 300 K
was attained for both Kapton and Upilex-S. Third, the system was
switched to the NVE (constant atomic number, N; constant
volume, V; constant energy, E) simulation, and 150 AOs were
randomly inserted at a distance of 74 A from the material surface
at intervals of 200 fs. To simulate the AO impact, the randomly
inserted AOs were assigned a velocity of 0.074 A/fs (~4.5eV) in a
direction perpendicular to the material surface. The time step is
set to 0.1 fs, and a total of 300,000 steps (~30 ps) are run under
NVE conditions. To prevent a downward drift of Kapton and
Upilex-S during the AO impact simulation, the bottom layer of
the material was fixed at a height of 10 A and did not participate
in the reaction. The output of the disintegration products was
obtained using the “reaxff/species” command in LAMMPS.
Atoms were visualized using the Ovito software. A Python
program was written to statistically analyze the quantity of the
surface dissociation products. Notably, owing to the high
computational cost of ReaxFF MD, the number of AO impacts
and monomers in the model was determined based on prior
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experience by Rahnamoun and van Duin, as well as the thickness
of the non-penetrating model after AO impact.

Results and Discussion
AO impact

The reaction simulations in the NVE condition are simulations
of a non-equilibrium state, indicating that the system is not in an
equilibrium state during the 150 AO impact process. In the NVE
condition, a random AO with an energy of 4.5 eV was vertically
introduced onto the surface of Kapton and Upilex-S along the
z-direction every 200 fs, corresponding to an incident AO dose
rate of 5 AO/ps. Each material was subjected to the AO impact for
30 ps (150 AOs). Figures 4, 5 illustrate the structural evolution of
Kapton and Upilex-S under the AO impact. During the initial stage
of the impact, most AOs are adsorbed onto the surfaces of both
materials without undergoing any reaction, and only a few AOs are
deflected. In the later stages, the erosion of both materials by AO
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FIGURE 3

Density evolution curves of Kapton and Upilex-S models.

progresses from the surface toward the interior. The matrix that
reacts with the AOs possess a loose structure, whereas the matrix
that does not react with the AOs undergoes minimal structural
changes. Furthermore, more reaction products separated from the

TABLE 1 Details of Kapton and Upilex-S models.

System Chemical structure ~ Molecular formula

Number of monomer

10.3389/fmats.2023.1234455

surface of Kapton than from the surface of Upilex-S throughout the
AO impact process. The resistance of the two materials to AO was
investigated by analyzing the temperature variation, mass loss,
decomposition products, erosion yield, and damage propagation
depth (DPD) under the AO impact.

Temperature evolution and mass loss

In contrast to non-reactive force-fields that can only simulate
physical dissociation, reactive force-fields can simulate both
chemical and physical dissociation of polymeric materials (Fu
et al, 2021). High-speed AO transfers its kinetic energy to the
system upon impact, thereby increasing the system temperature.
Figure 6A represents the temperature evolution of the Kapton and
Upilex-S materials under the AO impact, and illustrates that the
temperature of both materials increases almost linearly with the AO
impact. The final temperatures of the two materials range from
1,800 to 2,000 K, exhibiting no significant differences. The
temperature evolution of AO bombardment on the surface and
interior region of Kapton and Upilex-S are respectively illustrated in
the Figures 6B, C, which reveals that the temperatures of the interior
and surface of the two materials are generally increased in a linear
way. However, the temperature of the eroded surface is evidently
higher than that in the interior region at any random moment.

Model size

Density (after 300K NPT)

Kapton S )04 CyoH 05N, 50 1.389 g/cm® 28.5 A x 28.5 A x 38.8A
Upilex-S 0 O." ® CyoH 04N, 50 1.333 g/em? 28.1 A x 28.1 A x 38.2A
0AO/Ops 30A0/6ps 60A0/12ps 90A0/18ps 120A0/24ps 150A0/30ps

FIGURE 4

Evolution of Kapton structure under 150 AOs impact (the white atoms represent H, the gray atoms represent C, the red atoms represent O, the blue

atoms represent N, and the green atom represent AO).
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0AO/Ops

30A0/6ps

60A0/12ps

90A0/18ps

120A0/24ps

150A0/30ps

FIGURE 5

Evolution of Upilex-S structure under 150 AOs impact (the white atoms represent H, the gray atoms represent C, the red atoms represent O, the blue
atoms represent N, and the green atom represent AO).
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FIGURE 7

(A) Mass evolution of Kapton under AO impact. (B) Mass evolution of Upilex-S under AO impac. (C) Normalized mass loss of the Kapton and Upilex-S

under AO impact.

Figures 7A, B depict the mass changes of the two materials under the
AO impact. Within a timeframe of 0-6 ps (0-30 AOs), AO does not
chemically react with the surface of either material. Instead, it
physically adheres to the material surfaces, increasing their mass.
This phenomenon has also been observed in other experimental
(Duo et al,, 2005) and simulated study (Rahnamoun and van Duin.,
2014) on the impact of AO on Kapton. As the number of impacts
with AO increases, the surface temperature of the material increases
rapidly. This rapid increase in temperature causes strain on the
bonds between atoms on the surface, which makes the chemical
reactions between the impacting AOs and the surface material more
facile. This results in greater release of products and rapid
disintegration of the material, leading to rapid mass loss. Both
Kapton and Upilex-S exhibit a trend of initial mass increase
followed by a decrease. In a similar study where ReaxFF was
utilized to investigate the effects of the AO impact on other
polymers, Zeng et al. (2015) suggested that in the initial stages of
impact, high-energy AO simply transfers energy to the targeted
polymer, and as AO continues to collide with the material, the
temperature steadily increases. When the surface atoms of the
matrix begin to be released, the reaction of the subsequent
incident AOs with the remaining matrix is intensified, resulting
in accelerated mass loss. The combined observations in Figures 4, 5

Frontiers in Materials

and analysis of the data in Figures 7A, B are consistent with the
findings of Zeng et al. Under the AO impact, the rate of erosion of
both Kapton and Upilex-S accelerates rapidly with increasing
temperature because higher temperature promotes the production
of more active and reactive atoms, thus facilitating more extensive
chemical reactions with the AOs.

Figure 7A illustrates that Kapton undergoes rapid disintegration
and exhibits significant mass loss starting at 50 AO impacts. In
contrast, Upilex-S begins to degrade rapidly and exhibits mass loss
after 85 AO impacts, as shown in Figure 7B. Analyzation on the
outcome of “reaxff/species” commands from LAMMPS software
shows that, comparing with Kapton, more AOs are physically
adsorbed on the surface of Upilex-S during the 6-17 ps impact
timeframe. The detached surface products mainly consist of oxygen
molecules formed by the interaction of AOs with the Upilex-S
surface and other small molecules; therefore, no significant mass
loss was observed for Upilex-S. The AO impact simulations utilized
the NVE ensemble, representing an isolated system that does not
exchange heat with its surroundings. In addition, owing to the
limitations imposed by the size of the system and the number of
atoms, it is generally accepted that the mass loss during the initial
phase of the AO impact (0-20 ps, corresponding to the first
200,000 steps of the simulation) is the best indicator of the
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FIGURE 9

Upilex-S

other

The proportions of surface dissociation products from Kapton and Upilex-S after the AO impact.

material performance under the AO impact. Considering the
different initial masses of Kapton and Upilex-S, we normalized
the mass of each material at any given time during AO impact by
dividing it by the initial mass. This enabled us to compare the mass
loss of the two materials, as shown in Figure 7C. Figure 7C reveals
that during the initial phase of the AO impact, the increase in the
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mass of the two materials is approximately identical. However, in the
later stages of the initial phase, Upilex-S exhibits a smaller mass loss
than Kapton. This indicates that Upilex-S is more resistant to the
AQ impact than Kapton, which is consistent with the findings of the
MISSE 2 experiment (De Groh et al., 2008). Both materials display a
nearly linear decrease in the mass loss with the continued AO
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TABLE 2 Erosion yield for Kapton and Upilex-S under AO collision.

Erosion yield (x107%g/oxygen

AO impact time (ps)

atom)
Kapton Upilex-S
17 2.23 0.12
18 2.52 0.85
19 2.78 1.51
20 3.27 1.62
Average erosion yield 2.70 1.02

impact. After 150 AO impacts, the degree of mass loss of Upilex-S is
similar that of Kapton. Combining with Figure 6 demonstrate that
although the temperature changes of the two materials do not differ
significantly, Upilex-S consistently maintains a slightly higher
temperature than Kapton, particularly in the later stages, which
could potentially explain why the mass loss of Upilex-S becomes
similar to that of Kapton in the later stages of the AO impact.
The lower mass loss for Upilex-S than that of Kapton during the
initial stage of the AO impact can be explained by the bond-
dissociation energies (BDEs) (Luo, 2002). The key structural
difference between Kapton and Upilex-S is the presence of an
additional oxygen atom in Kapton, forming a “C-O-C” structure
between the two benzene rings on the main chain. The BDE of the
“C-0” bond in the “C-O-C” structure on the main chain is
313.8 kJ/mol (~3.25eV). In contrast, Upilex-S exhibits a “C-C”
bond structure connecting the two benzene rings on the
backbone, with a high bond energy of 478.6 + 6.3kJ/mol
(~5.02eV). The other bond types in the two materials are

10.3389/fmats.2023.1234455

identical. Consequently, Upilex-S is more stable under the AO
impact than Kapton. Temperature is a macroscopic statistical
result of the thermal motion of a large number of microscopic
atoms. After the initial phase, as AOs continue to impact the two
materials, the temperature increases continuously, leading to highly
intense thermal atomic motion in the materials. Atoms with
vigorous thermal motion readily react with AO, resulting in a
significant mass loss for both materials during the later stages of
the AO impact.

Products and erosion yield

After the AO impact, the surface structure undergoes physical
disintegration and chemical reactions, with the subsequent
separation of the reaction products, resulting in mass loss.
Identification and quantification of the reaction products over
time present significant challenges in the experiment. However,
The determination and quantification of the reaction products are
essential parts of the MD ReaxFF research. First, reaction products
are directly associated with the mass loss of the material.
they provide in-depth
disintegration induced by high-speed AO impacts. In this study,

Furthermore, insights  into  the
we identified and quantified the substances that were detached from
the surface of the materials under the AO impact.

Whether Kapton or Upilex-S, the major small-molecule
products that were detached from the surface under the AO
impact include HO, O,, CO, and H,O. this is because that
Kapton and Upilex-S contain the same types of elements and
similar atomic bonds. Figure 8 shows the variation in the
quantities of the four major products (HO, O,, CO, and H,0)
over the simulation time. Observation of Figure 8 combined with
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FIGURE 10

Distribution of AO in Kapton and Upilex-S Matrix after AO impact (the white atoms represent H, the gray atoms represent C, the red atoms represent

O, the blue atoms represent N, and the green atom represent AO).
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TABLE 3 Average Damage Propagation Depth (DPD) with Standard Deviations
for Kapton and Upulex-S after the end of the AO impact.

DPD(A)

Std.dev.(A)

analysis of reaction trajectory files using Ovito software founded that
the hydrogen atoms on the benzene rings of both materials initially
dissociate and then combine with AO to form hydroxyl radicals
(HO), hydroxyl radicals are the dehydrogenation products of both
polyimide materials under the AO impact. Comparison of Figures
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8A, D shows that H,O is generated after the formation of the
hydroxyl radicals for both materials, In other words, Upon the
impact of AO on both materials, hydroxyl radicals (HO) are initially
generated. Subsequently, as AO continues to impact, the hydroxyl
radicals combine with other hydrogen atoms released from Kapton
and Upilex-S to form H,O molecules. Hydroxyl radicals are
precursors to the formation of H,O molecules. Such a series of
formation mechanisms of hydroxyl radicals and water molecules
match with the experimentally observed reaction pathways between
the reactive AO and hydrogen-containing polymers (Hansen et al.,
1965; Medel et al., 2019).

Figure 8B shows the oxygen molecules generated from the
surfaces of the two types of materials. One route involves the
reaction of oxygen atoms produced from the C=0 bond breaking
of the imide rings with AO, resulting in the formation of oxygen
molecules. Furthermore, O, molecules can be formed from the
reaction of AOs on the material surface. The carbon atoms in
the CO molecules originate from the decomposition of the imide
and benzene rings in both Kapton and Upilex-S, As also deduced
from Figure 8C, CO is the major reaction product in the AO
oxidation process, which is consistent with the experimental
observations (Ozawa et al., 2000; Xiao et al., 2010).

Figures 8A, B, D demonstrate that there is no significant
difference in the amount of HO, O,, and H,O separated from
the surfaces of the two materials under the same AO exposure
conditions. However, Figure 8C shows that Kapton consistently
produces a larger amount of CO than Upilex-S throughout the AO
impact period. At the same time, Comparison of Figure 8C and
Figures 8A, B, D shows that CO is generated noticeably later than
HO, H,0, and O,. Based on these two observations, we conclude
that there is a relatively lower oxygen atom content of the
monomeric structure of Upilex-S than that of Kapton, leading to
a deficiency in the oxygen atoms required for CO generation. With
Kapton, the extra oxygen atoms responsible for the higher
generation of CO molecules originate from the rupture of the
C-O-C bonds in the main chain structure, which further
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supports the foregoing interpretation. Additionally, the observed
order of generation of HO, H,0, O,, and CO aligns with the findings
of previous studies.

To further analyze the reaction products, we counted the surface
separation products of the two materials at the end of the AO impact
by major small molecule separations (HO, O,, CO, H,0), carbon-
chain dissociation products classified based on the carbon content
and other dissociation products, and drew a pie chart as shown in
Figure 9. The results presented in Figure 9 illustrate that the main
small-molecule products, including hydroxyl radicals (HO), oxygen
molecules (O,), carbon monoxide (CO), and water molecules
(H,0), account for 71.5% and 75.4% of the total products from
Kapton and Upilex-S, respectively. Upilex-S contains a higher
proportion of the main small-molecule products than Kapton,
while Kapton has a significantly higher amount of high-carbon-
content macromolecular products. As mentioned in previous
sections, the backbone of Kapton contains a “C-O-C” bond,
while Upilex-S has a higher-energy “C-C” bond that connects
the two benzene rings. Under the AO impact, the bond structure
of Upilex-S is less prone to breakage, resulting in a lower production
of high-carbon-content-macromolecules. Consequently, the mass
loss of Upilex-S is insignificant.

The erosion yield is defined as the average mass or volume loss of
a material induced by a single AO interaction and serves as an
important indicator for studying the effects of AO interactions on
spacecraft materials. The data obtained from MISSE 2 (De Groh
et al., 2008) reveal that the average AO erosion yield for Kapton is
4.28 x 107** g/atom, which is ~3.35 times that of Upilex-S (1.28 x
107>* g/atom). In this study, Upilex-S exhibits a noticeable mass loss
after 17 ps of AO exposure. So Table 2 lists the AO erosion yield of
Kapton and Upilex-S from 17 to 20 ps. According to Table 2, it can
be observed that the average erosion yield of Kapton is 2.6 times that
of Upilex-S. Considering that in the low-Earth-orbit (LEO)
environment, material degradation is influenced by AO and other
environmental factors in space. Meanwhile, heat exchange with the
external environment is not considered in this simulation. The
stabilized density in the model is slightly lower than the density
of the actual material. Additionally, limitations are imposed by the
model size and number of atoms. Hence, the simulated erosion yield
is deemed reasonable.

AO penetration depth and damage
propagation depth

It is extremely difficult to experimentally characterize the AO
penetration depth and AO-induced damage depths of the materials.
However, MD simulations are effective for studying the AO
penetration and damage propagation depths. To further analyze
the degradation of Kapton and Upilex under the AO impact, we
plotted the visual representations of the AO penetration depth using
the Ovito software (Figure 10) and the number density distribution
of AOs after 150 AO impacts (Figure 11). Figure 10 shows that AO
penetration is deeper in Upilex-S than in Kapton. Furthermore,
more AOs are retained in the Upilex-S matrix than in Kapton.
Figure 11 confirms that the maximum penetration depths of the
AOs in Upilex-S and Kapton are 22.9 A and 15.8 A, respectively.
Additionally, Upilex-S has a higher AO number density and a higher
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peak value than Kapton. These findings indicate that Kapton is more
stable than Upilex-S under the AO impact, contradicting the
aforementioned findings in previous sections, while being in line
with the notion that deeper AO penetration typically corresponds to
more severe damage. Therefore, following the approach adopted by
Rahmani et al. (2017), we further analyzed the damage propagation
depth (DPD) of Kapton and Upilex-S after 150 AO impacts.

The DPD is determined by the change in the initial and final
mass densities along the z-axis (parallel to the direction of the AO
impact). It is defined as the distance between the initial surface and
the depth where the final mass density starts to remarkably decrease
compared with the initial mass density of the material. For the
accuracy of the DPD results, we conducted two additional AO
impact simulations separately for each material and calculated
the average and standard deviation of the DPD based on the
three AO impact simulations. Figure 12 presents the DPD of
Kapton and Upilex-S induced by 150 AO impacts in the first
simulation. Table 3 provides the average and standard deviation
of DPD obtained from three simulations. It can be observed that the
average DPD is 15.22 A for Kapton and 12.02 A for Upilex-S,
indicating that Upilex-S is more stable than Kapton under the
AO impact, which is consistent with the analysis of the
normalized mass loss and major products. The observations in
Figures 10, 11 are attributed to the low density of Upilex-S.
Although the AO penetration depth is an important indicator,
assessment of the AO resistance based solely on this factor may
not produce reliable results, which is an interesting finding.

Conclusion

ReaxFF is a comparatively novel force-field method that can be
used to simulate the breakage and formation of bonds between
atoms in a system. In this study, ReaxFF MD was applied to
investigate and compare the performance of two polyimide
materials, Kapton and Upilex-S, under the AO impact. The
results demonstrate that the masses of Kapton and Upilex-S first
increase and subsequently decrease. Specifically, during the initial
stages of the AO impact, AOs are physically adsorbed onto the
surfaces of both materials. With continuous AO impact and
increasing temperatures, rapid chemical degradation occurs.
Furthermore, the erosion of Kapton and Upilex-S proceeds
inward from the surface. The structures that undergo chemical
reactions with AO become loose, whereas those that are not
subjected to AO erosion change only minimally.

The simulated mechanisms of HO and H,O generation under
the AO impact are consistent with the relevant experimental
findings, indicating that the formation of H,O molecules requires
HO as a precursor. Consistent with the results obtained from
MISSE-2, this study confirms that Upilex-S exhibits a lower mass
loss and a lower AO erosion rate under the AO impact than Kapton.
According to the BDE analysis, as well as the analysis of the changes
in the quantities of the major reaction products and the proportion
of all final reaction products, we conclude that the molecular
structure of Upilex-S, which contains a higher-energy C-C bond
connecting two benzene rings instead of the C-O-C backbone of
Kapton, primarily accounts for the higher stability of Upilex-S under
the AO impact. Further, our results demonstrate that material

frontiersin.org


https://www.frontiersin.org/journals/materials
https://www.frontiersin.org
https://doi.org/10.3389/fmats.2023.1234455

Qiao et al.

damage cannot be reliably assessed using only the AO penetration
depth. This study not only demonstrates the significant potential
and high reliability of the ReaxFF MD in investigating the effects of
the AO impact on spacecraft materials but also provides a technical
reference for the application of Upilex-S in spacecraft.
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